We examine seasonal variations of carbon monoxide (CO), ozone (O 3 ), and their relationships observed over the course of 3 yr (2005)(2006)(2007) at Miyun, a rural site 100 km north of Beijing. Monthly mean afternoon mixing ratios of CO have broad maxima in winter and a secondary peak in June. Monthly mean afternoon O 3 shows a clear seasonal pattern with a major peak in June (85 ppb), a secondary peak in September (65 ppb) and minimum in winter (50-55 ppb). The seasonal cycles of O 3 and CO are associated with seasonal changes in dominant synoptic pattern. Substantial interannual variability is found for CO which is attributed to the interannual variability of meteorology and emissions from biomass burning. The seasonality and magnitude of background CO and O 3 derived at Miyun are consistent with observations at upwind remote continental sites. The O 3 -CO correlation slope is about 0.07 ppb ppb −1 on average in summer, significantly lower than the typical slope of 0.3 ppb ppb −1 reported for developed countries. The O 3 -CO correlation slope shows large gradients for different types of air masses (0.133 ± 0.017 ppb ppb −1 in aged urban pollution plumes and 0.047 ± 0.008 ppb ppb −1 in biomass burning plumes), suggesting that the conventional method of direct scaling the mean O 3 -CO slope by CO emissions to deduce O 3 production rate is subject to large uncertainties if applied for China.
Introduction
Ozone (O 3 ) is a critical atmospheric species responsible for the oxidizing power of the troposphere. It is produced in the troposphere by chemical processes triggered by emissions of volatile organic compounds (VOCs) and carbon monoxide (CO) in the presence of NO x . It is also transported from the stratosphere. CO is a relatively long-lived tracer of a variety of combustion sources (especially transportation and biomass burning), with additional sources from in situ oxidation of hydrocarbons in summer. Reaction with OH is the dominant sink for CO in the atmosphere contributing to a relative long lifetime (2-5 months).
The correlation of O 3 and CO has been used in many studies to examine the influences of anthropogenic precursors on O 3 (Poulida et al., 1991; Chin et al., 1994; Parrish et al., 1998; Mao and Talbot, 2004) and has provided a good indication of long-range transport of O 3 . The O 3 -CO relationship was shown to be a more robust chemical signature of cyclone airstreams than mixing ratios of individual species (Cooper et al., 2002) . A positive correlation, observed typically in summer, would indicate photochemical production of O 3 resulting from anthropogenic sources, while a negative correlation would suggest removal of O 3 by anthropogenic emissions or the influences of stratospheric air masses. Other factors such as loss of O 3 by deposition at the surface and vertical mixing also influence the O 3 -CO correlations. The O 3 -CO correlations are used to deduce photochemical production rates and export fluxes of anthropogenic O 3 out of a major source region (Parrish et al., 1993; Mauzerall et al., 2000) , but such direct interpretation is subject to uncertainties due to confounding factors such as the large-scale gradients along the plume, O 3 deposition during transit, and chemical sources/sinks of CO (Chin et al., 1994; Pfister et al., 2006; Real et al., 2008) .
The relationships between O 3 and CO have been observed at many surface sites in developed regions (e.g. North America, Western Europe and Japan), where the O 3 -CO correlation slope ranges from 0.2 to 0.4 ppb ppb −1 in summer with a typical value of 0.3 ppb ppb −1 (Chin et al., 1994; Parrish et al., 1998; Mauzerall et al., 2000; Pochanart et al., 2003; Mao and Talbot, 2004) . Such observations have been sparse, however, over large developing countries such as China where anthropogenic emissions of O 3 precursors have been rapidly rising with significant implications for the global atmosphere (Ohara et al., 2007; Zhang et al., 2007) . Previous surface measurements in China suggested strong positive correlations of O 3 and CO in east China in summertime Gao et al., 2005) , but only weak correlations in springtime (Wang et al., 2003 (Wang et al., , 2004 . This seasonal pattern is similar to what is observed in North America (Poulida et al., 1991; Parrish et al., 1998; Mao and Talbot, 2004) . Wang et al. (2006b) found negative correlations of O 3 and CO in summertime at a remote mountain site (Mt. Waliguan) on the Tibetan Plateau in west China, suggesting a stratospheric origin for ozone observed at this site in summer.
The O 3 -CO ratios measured in China were found to be much smaller (<0.1 ppb ppb −1 ) than those in North America (0.3-0.4 ppb ppb −1 ), presumably due to a larger emission ratio of CO relative to NO x in China. The implication of low O 3 -CO correlation ratios in China on photochemical production and loss of ozone for the region has not been well studied.
This study examines continuous measurements of surface O 3 and CO over the course of 3 yr (2005) (2006) (2007) at Miyun, a rural site 100 km northeast of Beijing urban centre. The location of the site provides an opportunity to sample both the Beijing pollution outflow and the relative clean continental background air masses flowing in from the north. The relative frequency of the two types of air masses observed at the site shows a seasonal pattern as a result of the monsoonal meteorology. Considering the large-scale, regional influences of the monsoon, the seasonal variability of CO and O 3 observed at the site is expected to be representative for North China (north of Yangtze River) in general. A better understanding of factors controlling the temporal variability of O 3 and CO and their relationship at the site should shed light on regional features of transport and photochemistry. We begin in Section 2 with summaries of the observations of CO, O 3 and their relationship at Miyun. Further analyses of the data are presented in Section 3, including interannual variations, diurnal patterns, background concentrations and the gradient of O 3 -CO correlation in different plumes. Summary remarks are given in Section 4.
Site description and summary of observations
The Miyun site (40 • 29 N, 116 • 46.45 E) is located about 100 km northeast of the Beijing urban centre. The region surrounding the site is characterized by a mix of agriculture and small villages. Due to the annual shift in monsoon pattern, cold dry winds from the northwest are more frequent in winter and warm moist southwesterly winds are more frequent in summer. The location was selected to capture the dichotomy between clean continental air and the Beijing urban plume. The measurements began in November 2004 and include continuous observations of O 3 , CO, CO 2 and basic meteorological data (temperature, relative humidity, wind speed and direction). Additional instruments to measure NO, NO y and SO 2 were added in 2006. This study focuses on measurements of O 3 and CO for a period of 3 yr (2005) (2006) (2007) . Details of the site and the O 3 and CO instruments are described by Wang et al. (2008) .
Diurnal cycle of O 3 and CO
The daily cycle of O 3 at the surface typically exhibits maxima in the afternoon with minima at night. The amplitude of the diurnal variation reflects both the strength of photochemical production of ozone and the net balance between surface deposition and transport from aloft. Nighttime minima in vertical mixing and depth of the boundary layer allow depletion of ozone at the surface. At many rural sites, the diurnal cycle is affected by transport of O 3 and its precursors from nearby urban regions (Logan, 1989) . We first examine the seasonal changes in the diurnal cycle of O 3 and CO at Miyun. from the residual layer rather than fresh photochemical production (Kleinman et al., 1994; Munger et al., 1996) . The afternoon maxima of O 3 in winter coincide with the minima of CO, which is consistent with entrainment because the mixing ratio of CO tends to decrease with height.
The peak mixing ratio of O 3 in summer is shifted 2 h later to 4 p.m. as compared to 2 p.m. in winter (Fig. 1) . Peak levels of O 3 coincide with peak CO in summer demonstrating the association of high O 3 production with precursors, whereas in winter the highest levels of precursors are associated with low O 3 (Fig. 1) . This suggests that the shift of O 3 peak hour to later afternoon from winter to summer is due to the stronger influence of recent photochemical production in the urban plume during transport to the site in summer compared with winter.
As the boundary layer is expected to get much shallower at night, nighttime observations may be sensitive to local emissions and may not be representative of regional conditions. Observations in the afternoon when the boundary layer and strength of vertical mixing reach the maximum of the day should be more representative of regional conditions. For seasonal variations of O 3 and CO presented below, we focus on observations in the afternoon (1200-1800, local time), the typical period of daily minimum CO (see Fig. 1 Figure 2a summarizes the month-to-month variation of afternoon CO observed at Miyun. The mean mixing ratio of CO for each month is higher than the median, and the difference can be up to a factor of two in winter and spring (November-March). Examining the distribution of CO and wind directions, we identified two distinct groups of air masses sampled at Miyun: one featuring low levels of CO (<200 ppb) reflecting relatively clean continental air masses from the north, and the other consisting of high levels of CO (>800 ppb) representing polluted air masses from the urban area in the south. This feature is illustrated in Fig. 3 showing the frequency distribution of afternoon CO mixing ratios observed in 2006 as an example. The distribution features a pronounced peak at about 160 ppb, a much smaller peak at 800 ppb and a long tail towards very high CO up to a few ppm. The difference in CO between the two air mass groups is largest in winter when emissions of CO are highest in north China due to increased emissions associated with seasonal heating (Streets et al., 2006) . The contrast in CO between the two types of air masses indicates that the Miyun site is well sited to sample both the relatively clean background air and the polluted regional air in China.
Seasonal cycle of CO
Because of the seasonal change in dominant synoptic pattern, the relatively clean continental air masses are sampled more frequently in winter and the polluted air masses more commonly in summer. This is shown in the different frequency distribution of afternoon CO between winter and summer (Fig. 4) . The distribution in winter shows a much more pronounced peak at [CO] lower than 200 ppbv than in summer. This accounts for the seasonal cycles observed for both the lower percentiles and the median of CO at Miyun, the latter showing summer maxima at 500-600 ppb with winter minima at 300-400 ppb. The mean and upper percentiles (>67%) of CO reflect the relative frequency of urban pollution plumes sampled at the site and consequently have different seasonality compared with the median and lower percentiles. The mean and upper percentiles of CO have two peaks, one from late fall to winter (November, December, January and February) and the other in early summer (June-July), with minima during the transition season (April-May and August-September). At Miyun the annual mean afternoon mixing ratio of CO is 647 ppb, higher than observed at Lin An in the Yangtze River Delta (Wang et al., 2002) by about 60 ppb. By comparison, annual mean CO mixing ratios at rural low-elevation sites in the eastern North America are generally less than 200 ppb (Chin et al., 1994; Liang et al., 1998; Mao and Talbot, 2004) . Compared with the clear seasonal pattern of maxima in winter and minima in summer reported for CO at other Chinese surface sites (Wang et al., 2002 and at mid-latitude surface sites in North America (Chin et al., 1994; Parrish et al., 1998; Mao and Talbot, 2004) , the seasonal cycles of the mean and median for CO at Miyun are more complex with broad maxima in winter and secondary peaks in early summer. As discussed above, the early summer peak arises because the Miyun site is located downwind of major source regions in summer under the more frequent southerly flows. O 3 is below 45 ppb from late fall through early spring (October-March). It increases to 50-55 ppb in April and May, reaching maxima of about 85 ppb in June, remaining relatively flat at 65 ppb from July to September. At the higher percentiles (>67%), O 3 shows a minor peak in September in addition to the major peak in June. The rapid decrease in O 3 from June to July is attributed to seasonal increases in monsoonal rainfall and cloudiness in July as optically thick clouds suppress photochemical production of O 3 . The seasonal cycle of O 3 at Miyun is similar to that reported for a rural site further north of Beijing (Shangdianzi) (Lin et al. 2008) and to the surface ozone climatology over Beijing derived from the MOZAIC aircraft data (Ding et al., 2008) . In contrast, surface O 3 at the Lin An site in central-east China featured a maximum in May (Wang et al., 2002) . The mean mixing ratio of O 3 for the peak month is 46.5 ppb (June) at Shangdianzi (55 km 
Seasonal cycle of ozone

Seasonal change in O 3 -CO correlations
Figure 5 summarizes month-to-month variations in the relationships between O 3 and CO observed in afternoons (1200-1800) at Miyun. The correlation slopes were derived from the reducedmajor-axis regression (Hirsch and Gilroy, 1984) . As shown in Fig. 5 , O 3 and CO have moderate to strong negative correlations in winter, and moderate to strong positive correlations in summer and early fall (June-September, except in July). The correlations of O 3 and CO are weak and not statistically significant in spring (March-April-May), fall (October-November) and in July. The strong negative correlations in winter imply removal of O 3 in air masses laden with high concentrations of CO originating from the Beijing urban area. CO itself does not affect O 3 , but is a tracer for NO, which we presume is responsible for O 3 destruction (NO + O 3 → NO 2 + O 2 ) that is emitted along with CO (Chin et al., 1994) . At low sun angles in winter, photolysis of NO 2 is too slow to regenerate significant O 3 during transport to the site. The positive correlation during the photochemically active period from June to September may be attributed to rapid photochemical production of O 3 from anthropogenic precursors during transport. The lack of a strong O 3 -CO correlation in July reflects suppression of photochemical ozone production by optically thick monsoonal clouds which does not affect CO . The O 3 -CO ratio at Miyun in summer is about 0.07 ppb ppb −1 on average, consistent with values inferred from observations at other Chinese sites (<0.1 ppb ppb −1 ) Gao et al., 2005) , but significantly lower than values reported for surface sites in North America (0.3-0.4 ppb ppb −1 ) (Chin et al., 1994; Parrish et al., 1998; Mao and Talbot, 2004) .
As suggested by other studies (Parrish et al., 1998; Mao and Talbot, 2004) , the transition between chemical removal and photochemical production of O 3 would lead to the apparent disappearance of the O 3 -CO correlation. This transition period was found to occur in spring and in October-November at Miyun. For example, O 3 was positively correlated with CO in the first half of October, whereas the correlation became negative in the latter half of the month. It has been suggested also that the influence of air masses from the upper troposphere and lower stratospheric could confound O 3 -CO correlations in spring for high-elevation sites (Parrish et al., 1998) , but the stratospheric influence is expected to be negligible at low-elevation surface sites. We do not observe high O 3 , low CO points at Miyun that are indicative of stratospheric air.
Discussion
Interannual variability of CO and O 3
Interannual monthly variations of afternoon CO and O 3 Fig. 7a . CO levels were significantly higher in June 2007 not only at the high end of the distribution but also at the lower end. Over 80% of the data in June 2007 had CO levels exceeding 500 ppb, compared with less than 30% in June 2006. The difference in CO at the low end of the distribution (lower than the 50th percentile), representing the background and relatively clean continental air masses from the north, suggests that this type of air mass was sampled less frequently at the site in June 2007. This is consistent with measurements of local wind directions. Northerly winds were observed about 30% of the time in June 2006, decreasing to only 5% of the time in June 2007. SSW and SW winds accounted for 65% of the observations in June 2007. Although wind direction measured locally at the site is not equal to the direction from which air masses originate, there is an overall pattern driven by mountain range to the north of site that local winds with southerly component come from the plain surrounding Beijing and local winds from the north come through the mountains. The large difference Biomass burning is a major source of CO on both regional and global scales with large interannual variations (van der Werf et al., 2006) . Biomass burning in China mainly involves crop residues (Streets et al., 2006; Fu et al., 2007) . It peaks in June over North China following the harvest of winter wheat (Fu et al., 2007; Ding et al., 2008) . The difference between the years for O 3 is relatively less above the 97.5th percentile than for CO. Open burning of crop residues is known to emit much more CO than NO x (an ozone precursor) per unit mass of fuel burned because of burning conditions (low temperature, inefficient combustion) , contributing thus to a lesser extent to the enhancement of O 3 .
Background CO and O 3
Background observations of CO and O 3 provide essential input to efforts to determine the enhancement of both species resulting from anthropogenic emissions. Measurements at remote surface sites provide valuable information on this background. Based on representative measurements over North America, Europe and Japan, it is suggested that background O 3 in the northern hemisphere has increased over the past decades (Oltmans et al., 1998; Lin et al., 2000; Jaffe and Ray, 2007) . This increase can be attributed to anthropogenic emissions of ozone precursors worldwide. Few remote sites have been established in China to provide scientific measurements of the background levels of important trace species in the atmosphere. These data are important considering the rapid increases in Chinese anthropogenic emissions.
As background defines the mixing ratio of a species that would exist without the influence of domestic anthropogenic sources, it can be derived from measurements at a surface site that can capture the characteristics of air flowing into a region. The frequency distribution of afternoon CO mixing ratios observed at Miyun is summarized in Fig. 4 by seasons (2005-2007) . Because the Miyun site is located on the edge of major source regions and there is a strong gradient in emission sources between the Beijing plain and the interior mountainous regions north of Miyun (Streets et al., 2006 , we expect that background air masses sampled at Miyun will have distinctly lower levels of primary pollutants, represented by CO in this study, than polluted regional/local air masses. As shown in Fig. 4 , the presence of a narrow and pronounced peak at the lower end of the frequency distribution in winter (December, January and Feburary), spring (March, April and May) and fall (September, October and November) suggests that background air masses are frequently sampled at the site in these seasons and it is possible to extract background air masses based on the frequency distribution of CO. The lack of such a peak in summer (June, July and August) suggests that summertime measurements at this site may not be suitable for identifying the background since the site is located downwind of the Beijing urban area in summer under the prevailing southwesterly winds and is consequently poorly located to sample the relatively clean continental air masses frequently enough. We will not discuss summertime background in the following discussion, although summertime data will be presented in the figures.
The frequency distribution of CO peaks at a level lower than 150 ppbv and falls off quickly to nearly zero between 200 and 300 ppbv (Fig. 4) . To extract background air masses, the distribution is truncated at a threshold level of CO (denoted as [CO t ]) at which the frequency distribution decreases to 0.01 after reaching the peak, as illustrated schematically in Fig. 4 . [CO t ] is 230, 220, 190 ppbv in winter, spring and fall, respectively. We assume that air masses contained in this portion of the distribution (i.e. observations with CO mixing ratios lower than [CO t ]) can be regarded as representative of the background. Background air masses account for 43, 33 and 35% of all afternoon observations in winter, spring and fall, respectively.
As shown in Fig. 4 , background CO follows a lognormal distribution in non-summer seasons. The distribution is similar in winter and spring with a peak at 150 ppbv. The peak shifts to 90 ppbv in fall with a broad shoulder around 150 ppbv. The frequency distribution of O 3 in background air masses is presented in Fig. 9 . The distribution of background O 3 is close to normal in non-summer seasons. It peaks between 30 and 40 ppbv in winter and fall and 45-50 ppbv in spring.
[CO t ] is a key parameter in estimating background CO and O 3 at the site. In a sensitivity test in which [CO t ] is set of 250 ppbv in each season, the fraction of background air masses in all afternoon observations increases by less than 10%, reaching 45, 40 and 39% in winter, spring and fall, respectively. No significant difference was found in the distribution of background O 3 as a result of this test (Fig. 9 ). This suggests that the distribution of background CO and O 3 is not significantly affected by [CO t ]. However, as [CO t ] determines the tail length of the distribution, mean mixing ratios of background CO and O 3 are expected to be more sensitive.
Mean mixing ratios of background CO and O 3 at Miyun for each month are summarized in Figs. 10a and b, respectively. Background CO at Miyun ranges from 130 to 170 ppb, with a maximum in winter (December and January) and minimum in autumn (September and October). Background CO at Miyun is compared in Fig. 10a with monthly mean CO measured at two adjacent remote continental sites: Ulaan Uul (UUM) in Mongolia (44.45 • N, 111.10 • E, 914 m a.s.l.) included in the NOAA/ESRL (Earth System Research Laboratory) network (GLOBALVIEW-CO, 2009), and Mondy (51 • 39'N, 100
• 55 E, 2006 m a.s.l.) in East Siberia (Pochanart et al. 2003) . Both UUM and Mondy sites are located upwind of Miyun during periods of northwesterly prevailing winds. The seasonality of background CO at Miyun is similar to that at UUM. Background CO identified at Miyun ranges from 150 to 200 ppb, with minima in autumn and maxima in winter. This seasonality in background CO is consistent with the effects of OH reactivity on CO lifetime (Lee et al., 2006) . The spring maximum in CO at Mondy is attributed to the influence of biomass burning over Siberia (Pochanart et al. 2003) . Background CO at Miyun is generally lower by 5-10 ppb than mean CO at UUM, but 10-20 ppb higher than that at Mondy except in spring. The differences are largely within the standard deviation of monthly mean CO at UUM and Mondy and the uncertainty in Miyun background introduced by [CO t ]. When [CO t ] is set of 250 ppbv, monthly mean background CO derived at Miyun increased by 10-20 ppb for non-summer months.
In contrast to the summer maximum of overall O 3 at Miyun, background O 3 identified at the site (Fig. 10b) shows pronounced maxima (47 ppb) in spring (MAM) with minima (35 ppb) in winter. This seasonal cycle is consistent with the seasonality of O 3 at many background continental sites in northern middle latitudes and with ozonesonde data (Logan, 1999; Monks, 2000) . Similar to CO, background O 3 derived for summer is subject to large uncertainties and not discussed here. When [CO t ] is set of 250 ppbv, monthly mean background O 3 derived at Miyun increased by 5-10 ppb in spring and fall. Background O 3 in winter is less sensitive to [CO t ]. The springtime maximum in background O 3 is attributed to stratosphere/troposphere exchange which peaks in spring in the northern hemisphere (Appenzeller et al., 1996) combined with a contribution from photochemical production (Liu et al., 1987) . Background O 3 at Miyun is lower by 6-10 ppb compared to O 3 levels at Mondy, although the seasonal cycle at the two sites is similar. Mondy site is at higher elevation (2 km a.s.l.) than Miyun, which generally receive air from a higher altitude with higher background O 3 than at the surface. Pochanart et al. (2003) noticed that O 3 levels at Mondy were significantly higher compared to most European background sites and attributed the differences to influences of marine air masses with low O 3 transported over long distances to the European background sites.
O 3 -CO relationship in different pollution plumes
In this section, we examine the O 3 -CO relationship for pollution plumes sampled at Miyun between June and September in each year, the typical time period with active photochemical production of ozone as indicated by the overall positive relationship between O 3 and CO (Fig. 5) . Since pollution plumes sampled at Miyun are characterized typically by concurrent, sharp enhancement in mixing ratios of O 3 and CO in the afternoon, we adopted the following criteria to identify the plumes. For a measurement day to be chosen as a plume day, it is required that (1) the peak of CO during the course of the day had to occur in the afternoon and coincide with the peak of O 3 and (2) the peak of CO and O 3 had to exceed the respective median mixing ratio for the month. A total of 42 measurement days met both criteria, accounting for 15% of the total measurement days for the period of interest. The simultaneous peaks of O 3 and CO in each plume day are used to represent individual plumes. Figure 11 shows the CO-O 3 relationships for the 42 plumes. Mixing ratios of O 3 for all plumes identified range from 60 to 185 ppb, with CO between 500 and 2200 ppb.
Two distinct populations are evident in Fig. 11 , representing presumably two types of plumes with different characteristics of emission and chemistry. For purposes of this discussion, the two populations are referred to as type-A and type-B plumes. As all the plumes are from the same photochemically active period in each year (June-September) when background mixing ratios of CO and O 3 are low (Fig. 10) , we do not subtract off background in deriving the dO 3 /dCO correlation slope. The O 3 -CO correlation slope (dO 3 /dCO) for type-A plumes is 0.047 ± 0.008 ppb ppb −1 (n = 18, r = 0.72), lower by a factor of 3 than the value of 0.133 ± 0.017 ppb ppb −1 for type-B plumes (n = 24, r = 0.79). Mean mixing ratios of O 3 , CO and their correlation slopes in type-A and type-B plumes are summarized in Table 1 . The table includes mean SO 2 , NO y and NO for the two types of plumes in 2007, the first year for which these measurements became available at Miyun. A variance test (t-test) was conducted to determine if mean pollutant levels between the two types of plumes are statistically significant. The p-values of the t-test are included in Table 1 , with p less than or equal to 0.05 (one-tailed; 95% confidence interval) considered as statistically significant. As shown in Table 1 , mean mixing ratios of O 3 and CO are 94 and 1261 ppb respectively for type-A plumes, and 132 and 840 ppb, respectively for type-B plumes. The differences in both CO and O 3 are statistically significant at 95% confidence interval. The NO/NO y ratio, indicating the aging of air masses (Munger et al., 1996) , is 0.02 in type-A plumes and 0.0016 in type-B plumes, and the difference is statistically significant (p < 0.05). This suggests that type-B plumes are more aged than type-A plumes, representing presumably pollution transported over longer distances from upwind urban areas. Indeed, type-B plumes have on average much higher levels of NO y (p < 0.05), tracers dominated by transportation sources characteristic of urban and industrial environments. In contrast, the very high levels of CO in type-A plumes reflect possible emissions from sources involving inefficient combustion in the rural environment, such as open burning of biomass and domestic burning of biofuel. Although SO 2 is on average higher in type-A plumes, the difference is not statistically significant at 95% confidence interval, suggesting there may be relatively smaller gradient in SO 2 emissions from urban to rural areas given that coal fired power plants are largely surrounding Beijing and heavy-duty diesel vehicles, an important source of SO 2 in cities, are prohibited from entering Beijing urban area during the day. Photochemical production of O 3 and its build up is expected to be more effective in aged urban plumes than biomass burning plumes, consistent with higher levels of O 3 observed in type-B plumes. The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (version 4.9) (http://www.arl.noaa.gov/ HYSPLIT.php) (Draxler and Hess, 1998) was employed in this study to calculate 48-h (2-day) backward trajectories of observations identified in the type-A and type-B plumes. The meteorological data employed to calculate the back trajectories are GDAS reanalysis data at 1
• × 1 • spatial resolution. The back trajectories are calculated with the initial height of 6 m and time steps of 1 h. This corresponded to 18 back trajectories for type-A plumes (Fig. 12a) and 24 back trajectories for type-B plumes (Fig. 12b) . Mean back trajectories of the two types of plumes are presented in Fig. 12c . Air masses in type-A plumes originated from west and southwest of the Miyun site and circulated around the local area of the site (Fig. 11a) . Figure 8 indicates that biomass burning hot spots are located to the west and southwest of the site in summer, suggesting biomass burning influences on the type-A plumes. Air masses in type-B plumes originated from south and southeast of the site where urban areas such as Beijing and Tianjin are located. Given their different chemical compositions and trajectory analysis, we conclude that two types of pollution plumes with significantly different O 3 -CO correlation slopes are distinguished at Miyun, one representing biomass burning pollution (i.e. type-A plumes, O 3 /CO = 0.047 ppb ppb −1 ) and the other reflecting aged urban pollution (i.e. type-B plumes, O 3 /CO = 0.133 ppb ppb −1 ). Biomass burning plumes (i.e. type-A plumes) identified here are likely associated with open field burning of crop residues.
The O 3 -CO correlation slopes for the two types of plumes represent the lower and upper bounds for O 3 -CO relationships observed at Miyun. When all the Miyun observations from June to September are considered, the correlation between O 3 and CO is weak and the mean O 3 -CO slope is ∼0.07 ppb ppb −1 . The O 3 -CO slope of 0.133 ppb ppb −1 for the aged urban pollution plumes is among the highest reported previously in the literature for O 3 -CO ratios in China in summer Gao et al, 2005; Meng et al., 2009) . It is however much smaller than the O 3 -CO ratio observed at many surface sites in Japan, North America and Europe, typically ranging from 0.2 to about 0.4 ppb ppb −1 (Chin et al., 1994; Parrish et al., 1998; Pochanart et al., 1999; Mauzerall et al., 2000; Mao and Talbot, 2004) , as the CO levels in the aged urban plumes (∼800 ppb) sampled at Miyun are much higher than those observed in western countries. Mauzerall et al. (2000) adopted the O 3 -CO slope of 0.3 ppb ppb −1 to estimate the export of O 3 from Asia through direct scaling of the slope by CO emissions. From the large gradient in O 3 -CO slopes sampled at Miyun for different types of air masses and the departure from the typical slope of 0.3 ppb ppb −1 reported elsewhere, we argue that such direct interpretation of the mean slope to deduce O 3 production rate is subject to large uncertainties.
Concluding remarks
The Miyun station, a rural site 100 km northeast of Beijing, provides continuous, high quality measurements for a suite of important gases (CO, CO 2 , O 3 , SO 2 , NO and NO y ) over a relatively long period. In this paper we have presented seasonal variations of CO, O 3 and their relationships as observed at Miyun. Based on concentrations of CO and prevailing wind directions, we identified two distinct classes of air masses reaching the site. One reflects clean continental air masses from the north with low concentrations of CO (less than 200 ppb), the other, distinguished by high levels of CO (>800 ppb), represents polluted air from the south. The contrast indicates that at the Miyun site, we can sample both the clean background air and the polluted regional air over north China. Because of the seasonal change in synoptic pattern, the relatively clean continental air masses were sampled more frequently in winter and the polluted air masses more often in summer.
Monthly mean mixing ratios of afternoon CO (1200-1800 local time) varied between 500 and 1000 ppb. The median and lower percentiles of CO, influenced by the relative frequency of relatively clean, northerly air masses, show summer maxima of 500-600 ppb with winter minima of 300-400 ppb. In contrast, the mean and higher percentiles (>67%) of CO, reflecting the relative frequency of influences of urban pollution plumes at the site, have two peaks, one in winter and the other in early summer (June-July), and minima during the transition seasons (April-May and August-September). Mixing ratios of O 3 at Miyun show a clear seasonal pattern with minima in winter and maxima in early summer (June). Monthly mean levels of afternoon O 3 were 85 ppb in June as compared to about 45 ppb in January. Significant interannual variability is found for CO in all months, while the interannual variability of O 3 is much smaller and not significant from late fall through early spring (November-March). The interannual variability of CO and O 3 can be attributed to the interannual variability of meteorology and emissions from biomass burning.
We expect that background air masses sampled at Miyun will have distinctly lower levels of CO than polluted regional/local air masses. The presence of a narrow and pronounced peak at the lower end of the frequency distribution of CO in winter, spring and fall suggests that background air masses are frequently sampled at Miyun in these seasons. The lack of such a peak in summer suggests that summertime measurements at this site may not be suitable for identifying the background since the site is located downwind of the Beijing urban area in summer under the prevailing southwesterly winds and is consequently poorly located to sample the relatively clean continental air masses frequently enough. Background air masses are found to account for 43, 33 and 35% of all afternoon observations in winter, spring and fall, respectively.
Background CO follows a lognormal distribution in nonsummer seasons. The distribution is similar in winter and spring with a peak at 150 ppbv. The peak shifts to 90 ppbv in fall. This seasonality in background CO is consistent with the effects of OH reactivity on CO lifetime (Lee et al., 2006) . The distribution of background O 3 is close to normal in non-summer seasons. It peaks between 30 and 40 ppbv in winter and fall and 45-50 ppbv in spring. The springtime maximum in background O 3 is attributed to stratosphere/troposphere exchange which peaks in spring in the northern hemisphere combined with a contribution from photochemical production. The seasonality and magnitude of background CO and O 3 derived at Miyun are consistent with observations at upwind remote continental sites.
O 3 and CO at Miyun have moderate to strong negative correlations in winter, moderate to strong positive correlations in summer and early fall (June-September, except in July). The correlations of O 3 and CO are weak and not statistically significant in spring, fall and July. The seasonal transition in the O 3 -CO correlation is consistent with observations at other surface sites. The O 3 -CO correlation slope at Miyun in summer is about 0.07 ppb ppb −1 on average, significantly lower than the typical slope of 0.3 ppb ppb −1 reported for developed countries. The O 3 -CO correlation slope shows large gradients for different types of air masses. It is 0.133 and 0.047 ppb ppb −1 in aged urban pollution plumes and biomass burning plumes, respectively, representing the lower and upper bounds for O 3 -CO relationships observed at Miyun in summer. The large variability in O 3 -CO correlations observed at the site implies that the conventional method of direct scaling the mean O 3 -CO slope by CO emissions to deduce O 3 production rate is subject to large uncertainties if applied for China.
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